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Dynamic Social Adaptation of Motion-Related Neurons in
Primate Parietal Cortex
Naotaka Fujii*, Sayaka Hihara, Atsushi Iriki
Laboratory for Symbolic Cognitive Development, RIKEN Brain Science Institute, Wako, Japan
Social brain function, which allows us to adapt our behavior to social context, is poorly understood at the single-cell level
due largely to technical limitations. But the questions involved are vital: How do neurons recognize and modulate their
activity in response to social context? To probe the mechanisms involved, we developed a novel recording technique,
called multi-dimensional recording, and applied it simultaneously in the left parietal cortices of two monkeys while they
shared a common social space. When the monkeys sat near each other but did not interact, each monkey’s parietal
activity showed robust response preference to action by his own right arm and almost no response to action by the
other’s arm. But the preference was broken if social conflict emerged between the monkeys—specifically, if both were
able to reach for the same food item placed on the table between them. Under these circumstances, parietal neurons
started to show complex combinatorial responses to motion of self and other. Parietal cortex adapted its response
properties in the social context by discarding and recruiting different neural populations. Our results suggest that parietal
neurons can recognize social events in the environment linked with current social context and form part of a larger social
brain network.
Citation: Fujii N, Hihara S, Iriki A (2007) Dynamic Social Adaptation of Motion-Related Neurons in Primate Parietal Cortex. PLoS ONE 2(4): e397.
doi:10.1371/journal.pone.0000397
INTRODUCTION
The complexity of human social organization dwarfs that of any
other species. This complexity often results in a heavy cognitive
load on our brains, as we are expected to behave in a socially
correct manner. The coordination of internal demands and social
rules has been called the social brain function [1,2]. Human social
brain function, while adapted to unique evolutionary heights,
surely shares many mechanisms in common with that of monkeys,
who are therefore ideal subjects in which to study social brain
function. But various technical difficulties have made the study of
social brain function extremely difficult. Social brain function is
tightly linked to social context, and social context consists of
multimodal social properties including the behaviors of individuals
and details in the environment. Social context changes continu-
ously and is often unpredictable. An action that was socially
appropriate a few seconds ago is not guaranteed to be appropriate
now. Therefore, if social conflict is to be avoided, frequent updates
of each agent’s internal representation of the social environment
must be an essential brain function. Social brain function tracks
current social state and can choose the best solution at the
moment. To probe the mechanisms behind social brain function,
we must monitor and control a huge number of environmental
parameters together with neural activity. Since conventional
methods could not handle such massive data, to date there has
been almost no study of social brain function at the single-cell
level. To solve the technical problem we developed the multi-
dimensional recording (MDR) technique [3], which combines of
a motion capture system and chronic multi-electrode recording
techniques. We used MDR to simultaneously record behavior and
parietal neuron activity in two monkeys, M1 and M2, acting in
a shared social space. The parietal cortex is thought to contribute
to spatial and movement-related cognition [4,5]. Our aim was to
investigate how parietal neurons recognize the actions of self and
other, and how they modulate their action-recognition response
properties in situations of social conflict arising from unequal social
rank.
MATERIALS AND METHODS
Subjects and preparation
Two male Japanese macaque monkeys (Macaca fuscata), here
called M1 and M2, were used. All procedures were approved in
advance by the RIKEN Animal Committee (H18-2B012). A
recording chamber was surgically implanted in the left hemisphere
of each monkey. We chronically implanted twelve tungsten
electrodes (FHC: impedance 800 K–1 M ohm), aiming to record
neural activity in an area anterior to the intra-parietal sulcus (IPS)
[6]. Most of the motion-related neurons from which we recorded
were located in the anterior/medial wall of the IPS (Figure 1D),
and were identified by MRI images taken before the experiment.
Neuronal activity was recorded by the Digital Lynx system
(Neuralynx, Tucson, AZ) and subsequently sorted individually by
manual parameters with the Offline Sorter (Plexon, Dallas, TX).
Before starting neural recording, we tested the neurons’ somato-
sensory responses. Most of them showed somatosensory responses
to right, but occasionally on left, palm, distal and proximal arm,
and shoulder. We monitored arm and head movements with
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at 120 Hz. Monkeys wore motion capture suits which were custom
ordered for each monkey. Ten reflective markers (bilateral shoulder,
elbow, wrist and hand, as well as forehead and back of head) were
attached to each motion capture suit and their locations were
reconstructed in three dimensions by the motion capture system.
Eight video cameras recorded the entire experimental environment.
At the beginning of each recording session we adjusted each
electrode’s position to obtain the best signal-to-noise ratio, but did
not reposition the electrodes during the sessions. During each
recording session, neuronal activity was stable and the monkeys’ free
behavior did not contaminate the neural data with artifact noise.
Neural data were collected from nine recording sessions.
Task
Each monkey was seated in a primate chair that restrained the
neck with a collar and the lower half of the body with a plastic
cover, but left the upper half of the body, including the arms and
head, free to move. The two monkeys were placed around a square
table (2006200) in one of three different relative positions
(Figure 1). The monkeys’ relative positions were altered occasion-
ally by the experimenter during the task, introducing social conflict
in some positions. Seating the monkeys next to each other
(positions B and C) produced potential conflict, since both could
reach for a food item placed at the shared corner of the table.
Seating them at opposite ends of the table (position A), in contrast,
presented no conflict. However, we could reintroduce conflict
between the monkeys without changing the seating arrangement
in position A by giving the monkeys rakes [6]. When both
monkeys had rakes (position A1), conflict ensued because both
could reach food placed at the center of the table. When only M2
had a rake (position A2), there was no conflict.
In each trial, the experimenter placed a piece of food on the
table so that a monkey could take it. The location of placement
was randomly chosen from among four potential locations in
position A and three potential locations in positions B and C
(locations are indicated by circles in Figure 1). Only one monkey
could take the food, since only one food item was placed on the
table in each trial. For each relative position, the monkeys
performed the task for the 30–40 trials.
Motion analysis
Motion capture data were analyzed to extract motion episodes.
The three-dimensional position of each wrist marker was recon-
structed and converted into a single-dimensional trace calculated
based on the marker’s velocity over time. If the velocity trace of
one wrist marker exceeded 30 mm/sec over some period (a
motion episode) while all of the other markers remained below
30 mm/sec, we treated the epoch as the exclusive motion episode
of that marker. For instance, if the velocity of the marker attached
to M1’s right wrist exceeded 30 mm/sec in some period during
which none of the other markers (including M2’s markers) exceed
the same threshold velocity, we defined the period as an M1 right
arm exclusive motion episode. We did the same analysis separately
for each marker. We also defined control periods as epochs in
which none of the velocity traces of all four wrist markers exceeded
the threshold. The threshold was arbitrarily set at 30 mm/sec
through comparison against the noise level of the motion capture
system. At this threshold level, we confirmed that we could detect
most of visible motions captured in our video recordings.
Neural analysis
Neuronal activity was analyzed by comparing activity during each of
the four exclusive motion episodes and during the control periods. If
neuronal activity during an exclusive motion episode was signif-
icantly higher than during a control period in position A (Wilcoxon
test, p,0.05), we classified the cell as a motion-related (MR) neuron.
The analysis was done separately for each neuron, for each exclusive
episode and for each relative position. After the analysis, each
neuron was tagged with four independent binary motion factors
including motion of left and right of self and other. Using these four
factors, neurons were classified into 16 (=2
4) categories.
Because these categories did not provide realistic social informa-
tion, we applied two indices to categorize MR neurons. One was the
Actor Index and the other was the Action Index. The Actor index
has three categories, ‘‘Self’’, ‘‘Other’’ and ‘‘nsp’’. ‘‘Self’’ neurons
showed an MR response only to own-motion but no response to
movements of the other monkey. ‘‘Other’’ neurons only responded
to movements of the other monkey. ‘‘nsp’’ neurons responded to
motions without monkey specificity. The Action Index wassimilar to
Actor Index, with three categories, ‘‘Right’’, ‘‘Left’’ and ‘‘nsp’’.
‘‘Right’’ neurons only responded to right-hand motion regardless of
actor. ‘‘Left’’ neurons responded only to left-hand motion. ‘‘nsp’’
neurons responded to motions without hand specificity. Using these
two indices, MR neurons were categorized into nine groups.
RESULTS
Neural database and adaptive social behaviors of
monkeys
We recorded neuronal activity simultaneously from the left
parietal cortices of two monkeys (M1 and M2: see materials and
methods). 174 neurons were isolated and analyzed. Monkeys sat
during recording sessions in primate chairs. We placed the
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Figure 1. Schematic top views of the task environment for positions A–C, and recording map. During these tasks, we put two monkeys in one of
three relative positions (A, B and C) around a table. Each monkey is identified by the color of the circle on his head (green, M1; red, M2). On each trial,
we placed a food item at one of four locations in position A and one of three locations in position B and C, indicated by circles on the table. Each
circle on the table is a pie chart that depicts each monkey’s success ratio for food retrieval in that table location. D. Recording tracks are indicated by
blue dots on the brain. The size of each circle centered on the track indicates the number of MR neurons recorded from the track. Green dots indicate
the locations of lesion markers for reconstruction.
doi:10.1371/journal.pone.0000397.g001
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table. In position A, they faced each other from opposite sides the
table and their reachable spaces did not overlap (Figures 1A). In
positions B and C, we placed the monkeys at adjacent edges of the
table so that their reachable spaces partly overlapped at one corner
(Figures 1B, 1C). On each trial, the experimenter placed a small
piece of food on the table. There was no cue indicating which
monkey should take the food; each monkey was free to reach for
the food or refrain from doing so.
In position A, we placed food at four different locations on the
table (Figure 1A: red and green circles). Both monkeys succeeded
in taking the food in every trial if the food was within reach.
Although they faced each other, each tended to behave as though
the other monkey were not present. There was no apparent social
interaction or conflict between the monkeys. In position B, the
success ratio was significantly biased. If we placed the food where
only one monkey could reach it (upper left and lower right in
Figure 1B), the monkey who could reach the food took it without
hesitation. But when we put the food at the corner (lower left in
Figure 1B) where both monkeys could reach it, M2 showed almost
no inclination to reach for it. In this space, M1 took the food in
97% of trials. M1 still ignored M2 in this position, but now M2
surreptitiously watched M1. In this position, M2 was aware of M1
and suppressed left-handed action, but M1 continued to behave as
though he were alone. Bidirectional social interaction was not yet
established between the monkeys. But in position C (Figure 1C),
their behaviors were slightly different. In the spaces where only
one monkey could reach the food (upper right and lower left in
Figure 1C), there was no conflict and no interaction. But in the
conflict area (lower right corner in Figure 1C), M2 showed
a significantly higher success rate (13%, t-test, p,0.05) in taking
the food than he had shown in position B. On these trials M1
looked at M2 frequently and often threatened M2, especially when
M1 lost the trial. At the same time, M2 was peeping at M1’s
behavior very carefully, looking for tiny chance windows to seize
the food for himself. From these behavioral observations, we
concluded that M1 was dominant and M2 was submissive.
However, we do not know why such asymmetric behaviors
occurred between positions B and C. We suspect it was because
both monkeys were right handed, giving the advantage to M1 in
position B and to M2 in position C – a pattern that M2 must have
gleaned from experience during the early trials. The social
behaviors described above were consistent over time even though
we tested these positions in many orders.
Response patterns of motion related (MR) neurons
in three relative positions
Our goal was to see how parietal neuron activity correlated with
these social behaviors. The first step was motion analysis. From the
motion capture data, we extracted four categories of exclusive
motion episode—periods in which only one monkey moved one
arm. Control periods were similarly extracted by finding periods in
which neither monkey moved their arms. These five extracted
episode categories (control, M1 right arm, M1 left arm, M2 right
arm and M2 left arm) were exclusive and did not overlap in time.
From these episodes, we defined neurons as motion-related (MR) if
activity during one motion episode was significantly greater than
during the control period (Wilcoxon test, p,0.05). We performed
the same analysis for each relative table position. In our analyses,
we exclusively used neuronal activity during control periods in
position A to compare MR response in different positions. The
responses during four independent motion factors (M1 right arm,
M1 left arm, M2 right arm and M2 left arm) for each position
characterize the response of each neuron. We found 91 (M1:
n=33 and M2: n=58) parietal neurons that showed MR response
in at least one motion factor in one position. MR neurons were
found only in the anterior wall of IPS, where neurons generally
showed somatosensory response to right, but occasionally on left,
palm, distal arm, proximal arm or shoulder (Figure 1D). Then we
counted the number of MR neurons for each motion factor for
each position. Proportions of MR neurons are shown schemati-
cally in Figure 2 by the relative size of each hand. In position A,
94% of M1’s MR neurons (n=18) and 87% of M2’s MR neurons
(n=46) responded to right-hand self movements. In position A,
the response patterns of the two monkeys were similar. However,
the similarity was broken in position B. M2’s neural representation
of self-right-hand motion was reduced from 87% to 67%, while
M1’s neurons maintained the same robust representation of self-
right-hand motion (94%). In position C, M2’s parietal neurons
showed a response pattern similar to that in position B, but M1’s
parietal neurons reduced the self-right-hand representation from
94% to 60% and increased the representation of other hand
motions. The response pattern of M1’s parietal neurons again
resembled that of M2’s neurons in positions C.
Figure 2 depicts the cell counts of MR neurons in different table
positions, but says nothing about how neuronal firing frequencies
were modulated by the same positional switches. We calculated
the mean firing rates of 91 MR neurons during exclusive motion
episodes and normalized their firing rates by converting them into
z-scores using the average and standard deviation of each neuron’s
activity during a control period in position A. The calculation was
performed for each neuron and each motion factor separately.
Figure 3 indicates how these neural populations modulated their
firing rates in response to positional switches. In positions A and C,
response patterns in M1 and M2’s neurons were similar,
suggesting that sampling bias between the two monkeys was
minimal. In both monkeys, the neural firing ratio during self-right-
hand action was reduced when the table position was switched
from A to C. In position B, there was a discrepancy between M1
and M2’s MR responses: M1 kept a robust response to self-right-
hand action, but M2’s response was reduced. The same
modulation tendencies through other position switches were
confirmed both in cell counts and firing ratios.
Actor and Action categorization of MR neurons
Figures 2 and 3 characterize MR parietal neurons using the four
independent motion factors. However, these analyses do not reveal
the relationships between the factors. For instance, they do not
inform us how neurons responded to one motion that was made in
response to other motions. Therefore, we introduced two
indices—the Actor Index and the Action Index (see Materials
and Methods). The Actor Index tells whose action a neuron
responded to (‘‘Self’’, ‘‘Other’’ or ‘‘nsp’’), regardless of the
responding arm. The Action Index tells which arm movement
neurons responded to (‘‘Right’’, ‘‘Left’’ or ‘‘nsp’’), regardless of the
actor. Applying these two indices, we categorized MR neurons
into nine groups. Associations between MR response combinations
and Actor/Action categories are shown in Figure 4. Figure 5
shows the proportional distribution of the nine groups of MR
neurons categorized by these indices. In position A, many of the
MR neurons (65% in M1; 61% in M2) exclusively responded to
motion of ‘‘Self’’ and ‘‘Right’’ hand. In the analysis used in
Figures 2 and 3, we could not calculate significance of modulation
because neurons were counted multiple times if they showed
positive responses in multiple motion factors. In contrast, in
Figure 5, neurons were exclusively categorized into nine groups so
that there were no multiple counts across categories. Thus, we
Parietal Social Cognition
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in position B and then again in position C. (Fisher’s exact test,
p,0.05) In position B, although the proportion of each category
was modulated in a pattern similar what was observed in Figures 2
and 3, no significant difference was detected. However, in position
C, we found a significant decrease in the self-right category in both
monkeys and a significant increase in the nsp-nsp and other-left
categories in M2’s MR neurons.
Spatial and attentional effects on MR modulations
Although MR neural response patterns in both monkeys were
similarly modulated when interactive conflict occurred, it was still
unclear whether the modulation was induced by social conflict or
by other factors, because visual and spatial parameters were also
altered by position switches. In an attempt to tease these factors
apart, we analyzed MR neuron activity by comparing responses to
the motions visible in each animal’s left and right hemifields. We
found that 24% of parietal MR neurons (22/91) showed
a preferred hemifield (Wilcoxon test, p,0.05). Ten neurons
preferred motions presented in the right hemi-field and 12
preferred motions in the left hemifield, indicating that there was
no significant contralateral spatial preference in left-parietal MR
neurons. This suggested that a difference in the visual and spatial
parameters between different table positions could be responsible,
in part, for the neural modulation data presented above. Parietal
cortex is thought to have a role in spatial attention [7–9], so these
neural responses could be attentional modulations. But this does
not rule out a contribution from social factors, because all position
switches involved changes both of visual/spatial parameters and of
social context.
It is unfortunate we could not track eye positions in this study,
but it would have been technically extremely difficult to do this
without disturbing the monkeys’ natural free behavior. In another
attempt to separate MR responses from the potential contribution
of spatial attention, we analyzed neural activity in relation to each
monkey’s head direction, since head movements, especially in
naturalistic free-head conditions [10], are closely tied to shifts in
spatial attention. However, we could not find a significant head-
direction-related response in any of the parietal neurons we had
recorded from (Wilcoxon test, p,0.05).
Application of tool use task and MR modulation
In our next attempt, we introduced two new conditions in which
the monkeys’ relative table positions were identical to position A
and social conflict could be manipulated (Figure 6). In position A1,
both monkeys were given a rake tool that could be used to obtain
food items placed at the center of the table beyond arm’s reach.
[11] The monkeys already had 2–3 months of training using the
rake as a food-gathering tool prior to the recording sessions. Since
both monkeys could reach the center of the table, this condition
created social conflict. In position A2, M2 was given a rake but M1
was not. Hence there was no overlap between their reachable
spaces and hence no conflict. Using these additional conditions we
performed the same analysis on the same neural populations
shown in Figure 5. Figure 7 indicates the response modulations of
MR neurons for positions A1 and A2. As was shown for position C
in Figure 5, the proportion of each monkey’s self-right MR
neurons dropped significantly—from 65% to 17% in M1, and
from 61% to 35% in M2 (Fisher’s exact test, p,0.05). But this
time, unlike in position C, the monkeys’ viewpoints were nearly
identical to position A, and still we observed a marked reduction of
self-right neurons in both monkeys. The only big difference this
time was the establishment of interactive conflict. When position
A2 was applied, in which no conflict occurred, we found that the
proportion of self-right neurons was restored in both monkeys to
the same levels that had been seen in position A. In positions A1
B
20% M2 M1
*
***
A
B
Position A Position B Position C
*
*
Figure 2. Schematic depiction of the proportion of MR neurons in positions A–C. The size of each hand indicates the percentage of parietal MR
neurons that responded to corresponding arm movements. Rows A and B indicate, respectively, the neuronal responses of M1’s and M2’s MR
neurons. The asterisks indicate the monkey from which we recorded activity. Results are separately presented for each relative position. The
identification of each monkey is the same as in Figure 1. The size of a hand that corresponds to 20% is shown at lower right.
doi:10.1371/journal.pone.0000397.g002
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Figure 3. Normalized firing ratio of MR neurons in positions A–C. Bars represent the averaged normalized neural firing rates for four motion factors
in three positions. Top (green) represents averaged normalized firing ratio of 33 of M1’s MR neurons, and bottom (red) represents 58 of M2’s. Error
bars indicate standard error.
doi:10.1371/journal.pone.0000397.g003
Other L
Other R
Self L
Self R
Actor
12 1 5 14 13 12 11 10 9 8 7 6 5 4 3
Action
Self Other Left Right nsp
Figure 4. Associations between categories of MR neurons described by four motion factors and categories described by Actor/Action Indices.
Using four motion factors, MR neurons were categorized into sixteen groups (of which only fifteen are shown here). Response combinations of the
categories are shown in the top table. Numbers shown in the top table indicate group numbers. Each row represents a single motion factor. Grey
dots indicate that the group showed positive response to the corresponding motion factor. One group out of the original sixteen that did not show
any response has been omitted. The bottom table indicates how Actor/Action Indices describe the fifteen groups above. Each dot’s color represents
Actor/Action Indices (‘‘Self’’, red; ‘‘Other’’, blue; ‘‘Left’’, orange; ‘‘Right’’, purple; and ‘‘nsp’’, green). For instance, group four only responded to self-right
motion, so the Actor and Action Indices of the group were ‘‘Self’’ (red) and ‘‘Right’’ (purple) respectively.
doi:10.1371/journal.pone.0000397.g004
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observed in M2 in positions B and C.
One concern raised by the introduction of these additional
conditions, however, was the effect of rake usage. Rake usage has
been shown to induce an extension of parietal neurons’ visual
receptive fields beyond the hand that wields the tool and onto the
rake itself. [11] Conceivably, the introduction of the rake could be
contributing to the observed parietal modulation, because the
neurons could cover a wider region of space due to wider receptive
field. However, there was a suppression of self-right neurons in
position A1 and an absence of this suppression in position A2, even
though M2 was still using the same tool. Moreover, the neural
modulation pattern was similar between positions C and A1.
Therefore, we conclude that the effects of receptive field expansion
by introducing the rake were independent of, thus have little
impact on, parietal neural modulation argued here.
Dynamic reorganization of MR populations
We observed conflict-dependent modulations of parietal MR
neurons, shown in Figures 5 and 7. The robust response properties
of parietal neurons to self-right action diminished under conflict
situations, and the same population of neurons simultaneously
became more responsive to multiple other actions. These findings
suggested that a rearrangement of the parietal neural network
occurs when a monkey needed to use environmental social
information. This raised the question of how these groups of
neurons, which responded to motion of self and other under
different social circumstances, were dissociated. To address the
question, we tracked the neural responses of MR neurons across
the various conditions to see when they were preserved. Table 1
shows the result. The table indicates how many parietal neurons
responded to four independent actions in positions A, C and A1. It
also shows how many neurons preserved the same response
properties both in A and C, and both in A and A1. There was
a dynamic replacement of the actively responding population
whenever conflict existed. For instance, only 23 of the 57 self-right
neurons in position A kept their self-right response selectivity in
position C, and 15 of the 38 self-right neurons in position C did
not show self-right response selectivity in position A. The same
tendency was observed in other motions. The proportion of
replaced neurons differed from action to action and position to
position, but in the larger picture, roughly half of MR neurons
active in position A lost their original response properties in
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Figure 5. Proportion of MR neurons classified by Actor and Action Indices in positions A–C. M1’s and M2’s MR neurons (Rows A and B,
respectively) were classified into nine groups using the Actor Index and Action Index. Each bar represents the proportions of the corresponding
indices. Columns represent positions A–C. Proportions were calculated relative to the total number (shown on top of each graph) of MR neurons in
each position. Bars in red indicate statistically significant modulation of that group of neurons in that position compared with the activity of the same
group of neurons in position A.
doi:10.1371/journal.pone.0000397.g005
Position A
AB
Position A1 Position A2
C
M1 M2 Rake
Figure 6. Schematic top views of relative positions and reachable
space in positions A, A1 and A2. In all three positions the monkeys
were seated at opposite ends of the table. M1 and M2 are discriminated
by colored circles (M1, green; M2, red) shown on each head. Each
monkey’s reachable space is shown on the table by a color-filled curve.
Hence, the green area indicates M1’s reachable space and the red area
indicates that of M2. In position A1, both monkeys were given rake
tools; in position A2, only M2 used a rake.
doi:10.1371/journal.pone.0000397.g006
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positions C and A1 were new participants. Of course, this leaves
a substantial number of neurons overlapping between the various
conditions, suggesting that these populations serve common
functions across the conditions.
DISCUSSION
Parietal cortex and social cognition
Parietal cortex is thought to play important roles in spatial
cognition [12]. It responds to visual [6,13], auditory [14] and
somatosensory [6,13,15] stimuli. Because the MR neurons in our
study often responded to the motions of the other monkey in the
absence of self-motion, it cannot be a pure motor or visual
response. Instead, it appears to be generated by an integration of
complex cognitive processes [16], including the perceptual
extraction of others’ bodies and actions from one’s visual
surrounding [17–19], the recognition of a movement’s meaning
[20–23], the differentiation of self from others occupying the same
locations in sensory space [24,25], and the retrieval of knowledge
about social hierarchy and judgment rules [26–28]. All of these are
essential elements in social cognition and are implemented by
many brain regions [29]. One of the most famous components of
the social brain network is the mirror neuron system. Mirror
neurons were found in two cortical sites. One was in the rostral
part of ventral premotor cortex (F5). [30] In this area, neurons that
encode specific motor actions also responded to passive observa-
tion of the same action in the absence of self-movement. The other
type of mirror neuron was found in the inferior parietal lobule and
was reported to discriminate the intention of an observed action.
[31] These mirror neurons have been proposed to play important
roles in action cognition and imitation learning. [4,20,21]
Both MR neurons and mirror neurons respond to other agents’
movements. Mirror neurons respond equally to self-action and
action by another, and can discriminate the action’s meaning
regardless of social context. By contrast, MR neurons responded
mostly to self-right arm motion when a monkey was socially
isolated but gained responsivity to movement by self and other if
placed in a social interaction. The social-context-dependent
modulation found in MR neurons has not been reported in
mirror neurons. These characteristics of MR neurons suggest that
MR neurons are playing different roles from mirror neurons, are
involved more in social cognition than in motor cognition, and
may share current social information with other relevant cortical
and sub-cortical areas [32–34].
Table 1. Cross representation of MR response in position A, C
and A1
......................................................................
MR neuron
in position
A
MR neuron
in position
A&C
MR neuron
in position
C
MR neuron
in position
A&A 1
MR neuron
in position
A1
Other L 13 6 24 2 14
Other R 15 2 25 4 16
Self L 7 4 19 3 21
S e l f R 5 72 33 82 13 4
doi:10.1371/journal.pone.0000397.t001
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Figure 7. Proportion of MR neurons classified by Actor and Action Indices in positions A, A1 and A2. Figure convention is identical to Figure 5.
doi:10.1371/journal.pone.0000397.g007
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Our results show that the parietal cortex modulates its responses to
motion events according to social context. When the monkeys were
socially detached, even though they sat near each other, each
monkey’s parietal neurons tended to respond more to his own right-
hand motion than to actions of the other. The laterality (preference
for responding to stimuli appearing in contralateral space) was
robust. This and other neural response properties we observed were
consistent with previous studies. [11,35] However, if conflict of
interest between the monkeys was present, parietal neurons lost their
marked preference for self-generated movements and began
responding to other motion events in two ways. One way was
a general arousal-type response (nsp–nsp) to social events regardless
of actor and action types. There was almost no nsp–nsp response
when the monkeys were socially isolated, but it emerged when the
monkeys started sharing a social space. In terms of social cognition,
this might be a source of social attention that alerts one to socially
important events. The other response type carried specific in-
formation about the actor and action properties of motion events in
the shared space. Combining these two response types, parietal
cortex may provide important social information to the wider social
brain network for use in the selection of socially correct behavior.
Dynamic reorganization of neural responsiveness
and adaptive behavior
We found dynamic reorganization of the response properties of
parietal neurons when social context was manipulated. Neurons
that showed MR responsivity in one condition could immediately
lose this responsivity in another condition that had almost identical
motor requirements and visual aspects, and in which social context
was the only significant variable. In many cases, more than 50% of
MR neurons were replaced in response to such a contextual
switch. Our findings suggest that in novel social contexts, existing
neural populations that are already adapted to a similar context
acquire new functional features by recruiting new sets of neurons
while discarding others. If this is happening in parietal cortex, we
should expect to find the same kind of momentary adaptive neural
modulation occurring in other cortical or sub-cortical components
of the social brain network. Since social context keeps changing,
the social brain network must continuously reform its functional
structure. The highly flexible social brain function that stems from
this dynamic reorganization is a hallmark of primate and human
social complexity, making it a crucial research frontier if we are to
understand our evolutionary origins and our uniquely advanced
social nature.
ACKNOWLEDGMENTS
We thank Mr. T. Notoya for technical assistance, and thank Dr H.
Nakahara and G. Santos for valuable comments.
Author Contributions
Conceived and designed the experiments: NF AI SH. Performed the
experiments: NF SH. Analyzed the data: NF AI SH. Wrote the paper: NF
AI.
REFERENCES
1. Adolphs R (2003) Cognitive neuroscience of human social behaviour. Nat Rev
Neurosci 4: 165–178.
2. Beer JS, Mitchell JP, Ochsner KN (2006) Special issue: Multiple Perspectives on
the Psychological and Neural Bases of Social Cognition. Brain Res 1079: 1–3.
3. Fujii N, Hihara S, Iriki A (2005) Multi-Dimensional Recording during monkey
tool use learning; 363.2. 2005 Abstract Viewer/Itinerary Planner. Washington,
DC: Society for Neuroscience, 2005. Online.
4. Iriki A (2006) The neural origins and implications of imitation, mirror neurons
and tool use. Curr Opin Neurobiol 16: 660–667.
5. Fujii N, Hihara S, Iriki A (2006) Conflicting social environment represented in
primate parietal cortex; 63.6 2006 Abstract Viewer/Itinerary Planner. Georgia:
Society for Neuroscience, 2006. Online.
6. Iriki A, Tanaka M, Obayashi S, Iwamura Y (2001) Self-images in the video
monitor coded by monkey intraparietal neurons. Neurosci Res 40: 163–173.
7. Colby CL, Goldberg ME (1999) Space and attention in parietal cortex. Annu
Rev Neurosci 22: 319–349.
8. Chambers CD, Payne JM, Stokes MG, Mattingley JB (2004) Fast and slow
parietal pathways mediate spatial attention. Nat Neurosci 7: 217–218.
9. Mesulam MM (1999) Spatial attention and neglect: parietal, frontal and
cingulate contributions to the mental representation and attentional targeting of
salient extrapersonal events. Philos Trans R Soc Lond B Biol Sci 354:
1325–1346.
10. Hietanen JK (1999) Does your gaze direction and head orientation shift my
visual attention? Neuroreport 10: 3443–3447.
11. Iriki A, Tanaka M, Iwamura Y (1996) Coding of modified body schema during
tool use by macaque postcentral neurones. Neuroreport 7: 2325–2330.
12. Maravita A, Iriki A (2004) Tools for the body (schema). Trends Cogn Sci 8:
79–86.
13. Obayashi S, Tanaka M, Iriki A (2000) Subjective image of invisible hand coded
by monkey intraparietal neurons. Neuroreport 11: 3499–3505.
14. Shomstein S, Yantis S (2006) Parietal cortex mediates voluntary control of
spatial and nonspatial auditory attention. J Neurosci 26: 435–439.
15. Iwamura Y (1998) Hierarchical somatosensory processing. Curr Opin Neurobiol
8: 522–528.
16. Frith CD, Frith U (1999) Interacting minds–a biological basis. Science 286:
1692–1695.
17. Pelphrey KA, Morris JP, McCarthy G (2004) Grasping the intentions of others:
the perceived intentionality of an action influences activity in the superior
temporal sulcus during social perception. J Cogn Neurosci 16: 1706–1716.
18. Jellema T, Perrett DI (2006) Neural representations of perceived bodily actions
using a categorical frame of reference. Neuropsychologia 44: 1535–1546.
19. Barraclough NE, Xiao D, Baker CI, Oram MW, Perrett DI (2005) Integration of
visual and auditory information by superior temporal sulcus neurons responsive
to the sight of actions. J Cogn Neurosci 17: 377–391.
20. Rizzolatti G, Craighero L (2004) The mirror-neuron system. Annu Rev
Neurosci 27: 169–192.
21. Iacoboni M, Molnar-Szakacs I, Gallese V, Buccino G, Mazziotta JC, et al.
(2005) Grasping the intentions of others with one’s own mirror neuron system.
PLoS Biol 3: e79.
22. Lotze M, Heymans U, Birbaumer N, Veit R, Erb M, et al. (2006) Differential
cerebral activation during observation of expressive gestures and motor acts.
Neuropsychologia 44: 1787–1795.
23. Jackson PL, Decety J (2004) Motor cognition: a new paradigm to study self-other
interactions. Curr Opin Neurobiol 14: 259–263.
24. Saxe R, Jamal N, Powell L (2006) My body or yours? The effect of visual
perspective on cortical body representations. Cereb Cortex 16: 178–182.
25. Schutz-Bosbach S, Mancini B, Aglioti SM, Haggard P (2006) Self and other in
the human motor system. Curr Biol 16: 1830–1834.
26. Matsumoto K, Tanaka K (2004) The role of the medial prefrontal cortex in
achieving goals. Curr Opin Neurobiol 14: 178–185.
27. Goel V, Shuren J, Sheesley L, Grafman J (2004) Asymmetrical involvement of
frontal lobes in social reasoning. Brain 127: 783–790.
28. Muhammad R, Wallis JD, Miller EK (2006) A comparison of abstract rules in
the prefrontal cortex, premotor cortex, inferior temporal cortex, and striatum.
J Cogn Neurosci 18: 974–989.
29. Saxe R (2006) Uniquely human social cognition. Curr Opin Neurobiol 16:
235–239.
30. Gallese V, Fadiga L, Fogassi L, Rizzolatti G (1996) Action recognition in the
premotor cortex. Brain 119(Pt 2): 593–609.
31. Fogassi L, Ferrari PF, Gesierich B, Rozzi S, Chersi F, et al. (2005) Parietal lobe:
from action organization to intention understanding. Science 308: 662–667.
32. Hihara S, Notoya T, Tanaka M, Ichinose S, Ojima H, et al. (2006) Extension of
corticocortical afferents into the anterior bank of the intraparietal sulcus by tool-
use training in adult monkeys. Neuropsychologia.
33. Adolphs R (2001) The neurobiology of social cognition. Curr Opin Neurobiol
11: 231–239.
34. Culham JC, Valyear KF (2006) Human parietal cortex in action. Curr Opin
Neurobiol 16: 205–212.
35. Iwamura Y, Iriki A, Tanaka M (1994) Bilateral hand representation in the
postcentral somatosensory cortex. Nature 369: 554–556.
Parietal Social Cognition
PLoS ONE | www.plosone.org 8 April 2007 | Issue 4 | e397